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Understanding the chemisorption-based activation mechanism of the oxygen reduction reaction on nitrogen-doped graphitic materials. 
Abstract.
To optimize nitrogen-doped graphitic materials as metal-free catalysts for the oxygen reduction reaction mechanisms have to be better understood. Here, the role played by pyridinic nitrogendopants in the chemisorption-based activation of the target reaction is revealed. The study is centered on the monodentate chemisorption of molecular oxygen as the first step of the process.
Several configurations of nitrogen dopants in which there was always a nitrogen dopant in the edge of the material were tested using DFT. A clearly favorable chemisorbed state for molecular oxygen was found when the pyridinic nitrogen-dopant is hydrogenated and located at an armchair edge. The found chemisorbed state is further favored by additional available charge.
By contrast, the chemisorbed state of oxygen is much less favorable when the hydrogenated pyridinic nitrogen-dopants are located at zigzag edges. Moreover, it was found that the charge involved in the hydrogenation of pyridinic nitrogen-dopants remains segregated, becoming available for reduction processes. Detailed reasons for the described facts are given, and an integrated model for the target activation mechanism is proposed including graphitic nitrogendopants effects.
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Introduction.
Controlled oxidation of fuels in electrochemical cells is a promising energy conversion technology [1] , whose future success depends on the development of an efficient catalyst for the oxygen reduction reaction (ORR). Platinum ORR catalysts have enabled the proof of concept but, mainly because of sluggish kinetics, cost and scarcity, low-platinum [2] [3] [4] [5] , nonplatinum [6] [7] [8] [9] and even metal-free [10] [11] [12] ORR catalysts are being investigated. Among these, nitrogen-doped graphitic materials exhibit activity towards the ORR [13] [14] [15] [16] [17] [18] [19] [20] . However, the nature of the sites and the mechanisms explaining the observed activity are still under discussion. It has been suggested that the ORR on nitrogen-doped graphitic materials could take place without involving chemisorption [20] . However, without chemisorption, only hydrogen peroxide would be produced, which is an undesirable byproduct for fuel cell applications.
Moreover, since the ORR is very sensitive to the surface structure and composition of the electrode, it is clear that chemisorbed species are always involved in the process. Thus, ORR mechanisms based on chemisorption have to be better understood to optimize the performance of these catalysts. In all the proposed mechanisms [16, 21] the first step in the reaction would give rise to a monodentate chemisorbed state of molecular oxygen, generally in the form of a superoxide. From that point, two possible scenarios arise. The first one considers the formation of adsorbed peroxide. Then, the reaction could yield hydrogen peroxide or evolve sequentially to water. In the other possible scenario, the adsorbed oxygen species would give rise to a bidentate configuration. From that, the oxygen-oxygen bond would be broken yielding finally water.
To determine the most probable mechanism, different facts and arguments can be considered. First, a significant production of hydrogen peroxide has been observed on nitrogen-doped graphitic materials [15, [17] [18] . Second, the stabilizing solvation shell formed during the monodentate chemisorption of molecular oxygen [22] originates a significant barrier in order to evolve to the bidentate configuration. Finally, high activation energies for the cleavage of the oxygen-oxygen bond have been computed on these materials [16] . Moreover, the measured ORR activity on the investigated materials has been mainly attributed to the effect of graphitic [20] and pyridinic nitrogen dopants [19] . So, determining the role played by those dopants on graphitic materials to favor the monodentate chemisorption of molecular oxygen was established as the research goal. The evolution mechanisms from the investigated state to water [23] and optimal design strategies based on the adsorption energies of the intermediates [24] have been already reported.
To explain the ORR on nitrogen-doped graphitic materials, mechanisms involving graphitic nitrogen-dopants in the basal plane have been investigated [20, 23, [25] [26] [27] [28] . However, a single nitrogen dopant or specific configurations of dopants in cluster have been usually considered. Motivated by the experimental visualization of unclustered graphitic nitrogendopants perfectly integrated in the graphene lattice [29] , and by the fact that such a kind of defect has been identified as the one presenting the lowest energy [30] , we explored recently the role played by unclustered graphitic nitrogen-dopants to activate oxygen in the basal plane [22] . In spite of the fact that the monodentate chemisorption of molecular oxygen on the basal plane of graphitic materials is usually considered as an unfavorable process [20] , it was found that unclustered graphitic-nitrogen dopants would promote it, provided that two specific conditions are fulfilled. It was realized that the monodentate activation of molecular oxygen on graphitic materials requires of locally destabilized carbon atoms and globally available charge.
The calculations demonstrated that graphitic nitrogen-dopants would be capable of playing both roles. So, it was shown that the monodentate chemisorption of molecular oxygen can take place on carbon atoms neighboring a graphitic nitrogen-dopant if, for instance, an additional graphitic nitrogen-dopant provides the required available charge. Moreover, solvation effects were found to be important in the mechanism, suggesting guidelines in order to capture it.
Regarding the ORR on the target materials, mechanisms involving pyridinic nitrogendopants at the edges have been also investigated [19, 31] . In fact, ORR activity on carbon atoms adjacent to pyridinic nitrogen-dopants has been recently demonstrated [19] . However, the microstructure and mechanisms have not been yet identified. We will provide computational evidence that the hydrogenation of pyridinic nitrogen-dopants could play a key role in the activation of molecular oxygen on nitrogen-doped graphitic materials. The hydrogenation [32] of pyridinic nitrogen-dopants in graphitic materials has been associated to high ORR activity in alkaline media. However, to our knowledge, no relevant role has been previously explicitly attributed to hydrogenated pyridinic nitrogen-dopants in explaining the activation of the ORR on the investigated materials. We will show that hydrogenated pyridinic nitrogen-dopants at armchair edges of graphitic materials can give rise to a clearly favorable monodentate chemisorbed state of molecular oxygen on their laterally adjacent carbon atoms. The found chemisorbed state would be further favored by additional available charge. By contrast, hydrogenated pyridinic nitrogen-dopants at zigzag edges would not be capable of so favorably activating oxygen on their adjacent carbon atoms. We will also show that the charge involved in the hydrogenation of pyridinic nitrogen-dopants remains segregated, becoming available for reduction processes. Moreover, detailed explanations for the described facts will be given and, considering also the role played by graphitic-nitrogen dopants, an integrated model for the target activation mechanism will be proposed.
Computational methods.
Mechanisms of the ORR on molecular and periodic models of nitrogen-doped graphitic materials have been previously investigated performing DFT calculations under the GGA approximation and using the PBE [33] functional [20, 23, 27, 30] . Thus, in this research, the monodentate chemisorption of molecular oxygen on nitrogen-doped graphitic materials was investigated using mainly different molecular models of nitrogen-doped graphene and performing DFT calculations under the GGA approximation and using the PBE functional and numerical basis sets of double-numerical plus polarization quality [34] as implemented in the Dmol 3 code [35] . Moreover, each one of the found fundamental effects was verified using also periodic models of armchair and zigzag nitrogen-doped graphene nanoribbons, and molecular models of armchair and zigzag nitrogen-doped single-walled carbon nanotubes. All the calculations were performed under neutral charge conditions. All the electrons were explicitly included in the calculations under a spin-unrestricted approach. Full and partial optimizations were carried out depending on the goal.
Since previous results [23] indicate that solvation effects are important in understanding the mechanisms, continuum solvation effects were taken into account by means of the COSMO model [36] and hydrogen bonds were captured by including additional explicit water molecules as solvation effect treatment [22] . To verify the quality of the selected solvation effect treatment, solvation energies were computed for oxygen and superoxide, obtaining values that were found to be consistent with those expected.
An orbital cutoff radius of 0.37 nm was used in the numerical basis set for all the atoms.
The optimization convergence thresholds were set to 1.0×10 -5 Ha for the energy, 0.02 Ha/nm for the force, and 5.0x10 -4 nm for the displacement. The SCF convergence criterion was set to Fig. S1 .
Chemisorbed states were searched for running full optimizations. The relevance of each one of them was established determining its stability. For such a purpose, the energetics for the shortest distances of the reactions paths were estimated performing several constrained optimizations. For each reaction path, the basic configuration and treatment was maintained, but the distance between the carbon acting as active site and the nearest atom of the oxygen molecule was varied and constrained during the optimization process. To facilitate comparisons, the displayed total energies were referred to their respective references, calculated as the adsorbent energy plus that corresponding to the adsorbate complex in the bulk. Note that only relatively short C-O distances were considered. Thus, the final convergence to the alignment level of the respective references, at very long distances, is not displayed. The reasons for doing so were three. First, it has been pointed out that, because of the required change in the spin multiplicity, non-adiabatic effects could be implicated in the chemisorption of a solvated oxygen molecule. Second, for some of the considered cases, long distances between adsorbent and adsorbate give rise to very challenging models for which states of different spin multiplicity are very close in energy. Third, when solvation effects are sufficiently captured, the available charge of the surface is assigned to the solvated oxygen molecule during the optimization process, giving rise to a solvated superoxide anion, even when the oxygen molecule has not even yet come close to the surface. All these difficulties are circumvented by considering only relatively short C-O distances. For the shortest distances, the required spin multiplicity change has already taken place, the most favorable spin multiplicity of the solutions is much more clearly defined, and an eventual charge transfer to oxygen can be better explained.
However, despite of only the shortest distances were considered, still useful insights can be derived about the investigated mechanism, for which detailed conceptual explanations will be provided.
All the calculations were run under automatic spin multiplicity conditions. For the adsorbate complex, formed by an oxygen molecule and five explicit water molecules in the bulk, triplet was found to be the most favorable spin multiplicity. For de rest of the models (adsorbents and those corresponding to each considered distance between adsorbent and adsorbate), for those having an even number of electrons, singlet was found to be the most favorable spin multiplicity, meanwhile, for those having an odd number of electrons, doublet was found to be the most favorable spin multiplicity. Therefore, along the considered distances, for each reaction path the most favorable spin multiplicity was found to be invariant.
Correcting results for dispersion forces was considered. Using the approach of Tkatchenko & Scheffler [37] , but also the method of Grimme [38] , it was estimated that such a kind of correction, for the investigated systems, would be of the order of 0.05 eV. Considering that the investigated reaction was chemisorption, for which significant energies in the order of 0.5 eV and higher were expected, we concluded that the considered correction could be safely neglected. For that reason, we decided not to correct our calculations, taking into account that dispersion forces are not always corrected by authors and that corrections for dispersion forces
are not available in all the software packages.
Results and discussion.
As aforementioned, the first step in the investigated ORR mechanism would be the monodentate chemisorption of molecular oxygen on the material. In view of the figures displayed in a previous article [19] , monodentate chemisorbed states of molecular oxygen on carbon atoms adjacent to pyridinic nitrogen-dopants at armchair edges were first considered.
Thus, using a molecular model of graphene, several configurations of nitrogen dopants were explored, in which a pyridinic nitrogen-dopant was always included at an armchair edge (Fig.   1 ). The simpler one would be a single nitrogen dopant located at an armchair edge (Fig. 1A) .
For this configuration, the laterally neighboring carbon atom (labelled a in Fig.1 ) was initially tested for activation process. No significant chemisorbed state was found, as revealed by the energetics of the path shown in Fig. 2 .
Trying to find a relevant monodentate chemisorbed state, an additional nitrogen dopant was included in the model, as shown in Fig. 1B . In our previous communication [22] , the monodentate chemisorption of molecular oxygen on a carbon atom neighboring a graphitic nitrogen dopant required the presence of an additional graphitic nitrogen-dopant in the model. This additional nitrogen atom, which could be located even far away from the initial one, would supply the additional charge required for the stabilization of the chemisorbed oxygen molecule.
However, unlike the case where two graphitic nitrogen dopants were included in the model [22] , in this case (Fig. 1B) , only a marginally stable chemisorbed state was found for the carbon atom labelled a (Fig. 2) . In any case, the capability for contributing with charge of the graphitic nitrogen-dopant is also evidenced here, by the fact that the level of the energetic curve is displaced towards negative values. The charge that can be supplied from the region corresponding to the graphitic nitrogen-dopant can be transferred to oxygen, making possible the solvation of this adsorbed species. The generated solvation energy displaces the curve towards negative values because molecular oxygen in triplet state was used as the reference.
The low stability of the observed state would be related to the fact that the carbon atom acting as the active site is not sufficiently destabilized.
However, when pyridinic nitrogen-dopants are incorporated to graphitic materials used as electrodes immersed in aqueous solutions, chemical reactions can take place, modifying the properties of the electrodes. Solvated pyridinic nitrogen have an acid-base equilibrium, which can be regarded as a proton adsorption/desorption process. Additionally, when a proton is adsorbed on a pyridinic nitrogen integrated in an electrode, the adsorbed positive charge can
give rise to the transfer of an electron in a redox reaction to neutralize the positive charge. These two processes can be considered as a hydrogenation reaction. The situation is the same than that occurring on metallic electrodes, when platinum, palladium or iridium, adsorbs a proton [39] . The adsorption of a proton results in the transfer of an electron through the circuit according to the reaction M+H + +e -→M-H.
It has been suggested that the hydrogenation of pyridinic-nitrogen dopants in graphitic materials can be involved in the activation of the ORR in alkaline solutions [32] . Since this process depends not only on the pH but also on the electrode potential, the hydrogenation of pyridinic nitrogen-dopants can take place actually under alkaline conditions. In fact, ORR activity on nitrogen-doped graphitic materials is usually reported under alkaline conditions [13] [14] [15] [17] [18] [19] . Thus, hydrogenated pyridinic nitrogen-dopants were also considered in the investigated configurations. Surprisingly, when the carbon atom a laterally adjacent to a hydrogenated pyridinic nitrogen-dopant in an armchair edge was tested for activation in the presence of an additional distant graphitic-nitrogen dopant (Fig. 1C) , a very favorable monodentate chemisorbed state was found (Fig. 3) . As can be observed in the geometric details displayed in Fig. 3A , significant bond changes have taken place. First, the tested carbon atom a is bonded to the nearest atom of the oxygen molecule (O1) at a distance of ca. 0.144 nm. In addition, the O1-O2 bond of the molecule is significantly elongated, from ca. 0.121 nm in the original O2 molecule to ca. 0.146 nm. Finally, an extraordinarily short (ca. 0.155 nm) hydrogen bond, between O2 and the nearest hydrogen atom of the explicit water molecule is formed. The described chemisorbed state is favorable by ca. 1.76 eV and stable by ca. 0.63 eV (Fig. 2) . To better understand the found chemisorbed state, the electrostatic potential mapped on the electron isodensity surface ρ = 0.01 e/Å 3 was visualized (Fig. 3B) . The corresponding Mulliken partial charges are also provided in Fig. 3C would have superoxide characteristics, which is always regarded as the first step in the reduction process. The mentioned excess of charge would be stabilized by pairing in spin with the unpaired electron, originated in the oxygen molecule because of loss of the double bond characteristics, and by the solvation effect [22] .
To understand the role of the additional graphitic nitrogen-dopant in the stabilization of the adsorbed species, this nitrogen atom was substituted by a carbon atom in the model to determine whether a stable adsorbed state was found (Fig. 1D ). When the same laterally adjacent carbon atom was tested for activation (a in Fig. 1D ), a significant monodentate chemisorbed state was found, which is less stable than the previously described one (Fig. 2) . It could be argued that the excess of charge required for the stabilization of the adsorbed oxygen species is that which has been provided in the process of the hydrogenation, and that a system providing only available charge, and not necessarily hydrogenated, would yield a stable chemisorbed state. However, when the results corresponding to the model displayed in Fig. 1A are compared to those corresponding to Fig. 1B , in which available charge is provided by an additional graphitic nitrogen-dopant, it is evident that both chemisorbed states present a similar stability (Fig. 2) . This fact clearly indicates that the chemical changes brought about by the hydrogenation process are responsible of the stabilization of the investigated chemisorbed state, and that additional available charge further favors the mechanism.
The carbon atom inwardly adjacent to the pyridinic nitrogen-dopant (labeled as b in Fig.   1 ) was also tested for activation. However, for reasons that will be better understood later, a much less significant chemisorbed state was found. For clarity, those results are omitted. All these facts suggest that the ORR can be activated by means of the adsorption of oxygen in form of a superoxide on a carbon atom adjacent to a hydrogenated pyridinic nitrogen-dopant at an armchair edge of graphitic materials. The next step would be the formation of an adsorbed peroxide species, facilitated by the short O2-H distance in the hydrogen bond, with the concomitant transfer of an electron. From that point, the proposed mechanisms [23] do not differ significantly from those proposed for metals [21] . Regarding the favorable nature of the investigated ORR activation mechanism, it is known that adsorption energies of the intermediate species should have an ideal value so that the reaction rate is maximized.
Deviations from that ideal value lead to a diminution of the activity and gives rise to the typical volcano curves [40] . The situation for the ORR is more complex, since several adsorbed species are involved, whose adsorption energies should be optimized. However, it is generally accepted that the adsorption energies of the different intermediates in the ORR follow scaling relationships [24, 41] , so that the adsorption energies of the different adsorbed species are directly proportional. Thus, simple volcano curves can be obtained even for this complex reaction. For graphene compounds, the adsorption energies for the intermediates on pristine materials are very low and the doping leads to moderate increases in these energies. Thus, the values obtained here would be in the rising branch of the volcano curve, for which an increase of the stabilization energy leads to increases in the activity of the material.
To understand why the hydrogenation of pyridinic nitrogen-dopants at armchair edges so clearly favor the activation of molecular oxygen on graphitic materials, two details are discussed (Fig. 4) . On one hand, it can be observed in Fig. 4A that, before activation, the hydrogenated pyridinic nitrogen-dopant is coplanar within the surface. Planarity is a signature of the sp 2 hybridization. Thus, after hydrogenation, the pyridinic nitrogen-dopant would retain its graphitic character. So, the corresponding bonding structure could be described as a proton bonded to the lone pair exposed by the pyridinic nitrogen-dopant and an additional neutralizing electron spread out on the surface, including the region polarized by the proton. Therefore, the formation of a covalent bond between the nitrogen and the proton, with the participation of the neutralizing charge, would not be favorable enough as for breaking the over-stabilized aromatic structure. The above description can be verified by comparing the electrostatic potentials mapped on electron isodensity surfaces, and the partial charges, before and after the hydrogenation process (Fig. 5) . After the hydrogenation process, a segregated charge distribution, with positive character in the region corresponding to the hydrogenated pyridinic nitrogen-dopant and charge spread out on the surface, can be inferred from Figs. 5C-D.
On the other hand, it can be observed in Fig. 4B that, after activation, both the nitrogen dopant and the carbon atom enabling the activation are displaced out of the plane, in opposite directions, occupying each one of them the center of the respective tetrahedron defined by the atoms they are bonded to. Obviously, for nitrogen, a vertex is missing. The tetrahedral disposition is a signature of the sp 3 hybridization. Therefore, it can be concluded that, to activate molecular oxygen under the considered mechanism, both the nitrogen dopant and the carbon atom enabling the activation would switch from the sp 2 hybridization state to sp 3 when extra available charge is provided. Moreover, chemisorption at the edge can be better relaxed without the eventual opposition of parts that may try to impose other geometry. For the chemisorbed state displayed in Fig. 3 , after chemisorption, a virtually undistorted surface can be observed in Fig. 3A . Finally, once the monodentate chemisorption is sufficiently favorable, as more charge is available, more charge can be paired to the unpaired electron until reaching a limit, lowering the energy. In addition, given that the excess of charge in the oxygen is stabilized by the solvation effect [22] , as more charge is paired to the unpaired electron, more solvation energy is generated, favoring even more the mechanism. Thus, the main role of nonhydrogenated pyridinic nitrogen-dopants would be precursor of the truly relevant hydrogenated state. As a conclusion, the monodentate activation of molecular oxygen at armchair edges of nitrogen-doped graphitic materials would be enabled by the hydrogenation of the pyridinic nitrogen-dopants and driven by the available charge.
The above discussion about the Fig. 4A suggests that hydrogenated pyridinic nitrogendopants could play an additional role to destabilizing their adjacent carbons. Given that the formation of a covalent bond between the pyridinic nitrogen-dopant and hydrogen would not be favorable enough as for breaking the aromatic structure, it was supposed that charge supplied in the hydrogenation of the pyridinic nitrogen-dopants may become available, eventually contributing to intensifying the investigated mechanism on a distant site. This was the case observed in a graphene structure containing two distant nitrogen graphitic-dopants [22] . One nitrogen dopant is providing the additional charge required for the process and the second one is destabilizing the adjacent carbon atoms to facilitate the chemisorption. To verify the hypothesis and using the models introduced in Figs. 1B-C, the monodentate chemisorption of molecular oxygen on a carbon atom adjacent to the graphitic-nitrogen dopant (labeled as c in
Figs. 1B-C) was investigated under the two possible hydrogenation states of the pyridinic nitrogen-dopant. The corresponding reaction paths are displayed in Fig. 6 . Only when the pyridinic nitrogen-dopant was hydrogenated, a sufficiently significant chemisorbed state was found on the carbon atom adjacent to the graphitic nitrogen-dopant (Fig 7) . It can be concluded from Fig. 7 that hydrogenated pyridinic nitrogen-dopants would provide available charge, contributing to drive the investigated mechanism on other carbons sites, even not those directly bonded to the nitrogen. In any case, as can be also observed in Fig. 6 , the considered activation on the carbon atom a laterally adjacent to the hydrogenated pyridinic nitrogen-dopant would be, by far, the most favorable.
The described effects suggest that the activation of the ORR could take place as soon as the pyridinic nitrogen-dopant has been hydrogenated. The potential at which this process can take place can be estimated using the approach introduced by Anderson and col. [42, 43] , which uses the strength of the N-H bond and the standard redox potential for the reaction H + (aq)+e = H(aq). Depending on the specific configuration of the nitrogen dopants and the inclusion of solvent effects on the calculations, the estimated standard potential for the hydrogenation process varies between 0.2 and 0.7 V (SHE). This means that the hydrogenation process would take place between 0.2 and 0.7 V in the RHE scale, which is in agreement with the potential region where the activation of the reaction takes place experimentally. These values would imply that the considered activation process could take place both in acidic and alkaline solutions. However, the experimental results indicate that these materials are active for the ORR manly under alkaline conditions. Different steps in the complex ORR could be activated or hindered as an exclusive effect of the pH, affecting the whole reaction.
Additionally, water structure and electrode charge depends on the pH, which can also affect the reactivity of the whole process. For instance, the reactivity for the ORR on Pt single crystal electrodes is significantly different in alkaline and acidic solutions, while the different adsorbates involved in the reaction do not seem significantly affected by pH changes, as revealed by the similar voltammograms obtained in the absence of oxygen in perchloric and sodium hydroxide solutions [44, 45] .
The role played by pyridinic nitrogen-dopants at zigzag edges in the considered activation was also investigated. Therefore, a new set of calculations, completely analogous to the one already performed for the armchair case, was conducted for the configurations displayed in Fig. 8 . A similar chemisorbed state to the one displayed in Fig. 3 can be observed in Fig. S3 .
However, the resulting state is much less favorable and much less stable because a strictly localized restructuring of the surface enabling the chemisorption is not possible in this case (carbon atom a in Fig. 8C ). Once more, only when the pyridinic nitrogen-dopant was hydrogenated, a sufficiently significant chemisorbed state was found on the carbon atom adjacent to the graphitic-nitrogen dopant (Fig. S5) . However, the comparisons between Fig. 7 and S5 and between Fig. 5 and S6 suggest that the charge involved in the hydrogenation of pyridinic nitrogen-dopants located at zigzag edges would be slightly less segregated and would become slightly less available than in the case of armchair edges.
Finally, the role played by graphitic nitrogen-dopants in the investigated reaction is briefly revisited. In our previous communication [22] , computational evidences that graphitic nitrogendopants would be capable of locally destabilizing carbon atoms and globally providing available charge were provided. In fact, the capability of contributing with charge of graphitic nitrogen-dopants has been corroborated here. However, the reasons explaining why graphitic nitrogen-dopants exhibit the described capabilities have not been yet clarified. It is known that substitutional nitrogen-dopants give rise to n-type graphene, altering the DOS and providing charge [30, 46] . In addition, we propose here chemical explanations. Moreover, the higher electronegativity of nitrogen with respect to carbon would concentrate the paired charge implicated in the bonding network closer to the nitrogen atom. Finally, part of the charge related to the unpaired electrons would be made available to the adjacent carbon atoms and spread out on the surface, to compensate partially the excess of charge located close to the nitrogen. This spread out charge would be available to activate the chemisorption of oxygen in specific carbon atoms. In order to support the given explanation, the electron density difference between a periodic model of nitrogen-doped graphene and the same model with the nitrogen atom substituted by a carbon atom was visualized (Fig. 10) . Fig.10 is completely consistent with the above description, since it shows high charge concentration on the nitrogen atom core (Fig. 10A ) and small charge distribution over the carbon network, avoiding the nitrogen atom region (Fig. 10C) . Additionally, the pentavalent behavior provides an explanation for the fact that graphitic nitrogen-dopants favor the activation of their adjacent carbon atoms. For activating molecular oxygen by means of chemisorption, the involved carbon atom has to switch from sp 2 hybridization to sp 3 . On a carbon atom adjacent to a graphitic nitrogen-dopant, its transition from sp 2 to sp 3 can be accompanied by a switch in the nitrogendopant role from pentavalent to trivalent, in sp 3 mode. By switching from the pentavalent to the trivalent behavior, the energy leaked unpairing the 2s electrons is recovered, enabling a favorable chemisorbed state.
Conclusions
Nitrogen-doped graphitic materials favor ORR, though sites and mechanisms are under discussion. To favor the monodentate chemisorption of molecular oxygen on these materials locally destabilized carbon atoms and globally available charge would be required. In a previous work [22] , we provided computational evidence that unclustered graphitic nitrogen-dopants would be capable of both, locally destabilizing carbon atoms and globally providing available charge, enabling significant monodentate chemisorbed states of molecular oxygen in the basal plane. And, here, we have provided computational evidence that hydrogenated pyridinic nitrogen-dopants, mainly at armchair edges, would be also capable of both, locally destabilizing carbon atoms and globally providing available charge, enabling significant monodentate chemisorbed states of molecular oxygen at the edges. Moreover, it has been shown that charge provided by graphitic nitrogen-dopants in the basal plane would favor the activation at the edges. Meanwhile, the charge required for the hydrogenation of the pyridinic nitrogen-dopants at the edges would favor the activation in the basal plane. In addition, the stabilizing role played by the solvation effect in the investigated mechanism should not be forgotten. In any case, the monodentate chemisorption of molecular oxygen on carbon atoms laterally adjacent to hydrogenated pyridinic nitrogen-dopants at armchair edges would be, by far, the most favorable. By contrast, the chemisorbed state of oxygen is much less favorable when the hydrogenated pyridinic nitrogen-dopants are located at zigzag edges. Likewise, nonhydrogenated pyridinic nitrogen-dopants would not be capable of favoring the monodentate activation of molecular oxygen in any considered way. Thus, from the point of view of the investigated mechanism, the main role played by non-hydrogenated pyridinic nitrogen-dopants would be precursor of the truly relevant hydrogenated state. Therefore, the monodentate activation of molecular oxygen on optimal nitrogen-doped graphitic materials would be enabled by hydrogenation and driven by the available charge. The identified activation mechanism should take place in the same potential region where the hydrogenation process takes place, as has been already observed experimentally [32] . By focusing on the monodentate activation, fundamental effects would have been brought to light, explaining the experimental observations originating this research, and enabling the discussion of different configurations. The effects and mechanisms here described have been verified using different hydrogen-passivated molecular and periodic models of nitrogen-doped graphene, and armchair and zigzag graphene nanoribbons and single-walled carbon nanotubes (Fig. S7) . Thus, the insights here provided should be useful in the performance evaluation and design optimization of a broad range of nitrogen-containing graphitic materials, such as graphitic carbon nitrides, graphitic nitrogencontaining COFs or graphitic boron-carbon-nitrogen ternary systems. Total energies, referred to their respective references (adsorbent energy plus that corresponding to the adsorbate complex in the bulk), for an oxygen molecule located on top of the carbon atom a, for the different configurations displayed in Fig. 1 , estimated at different constrained distances between the carbon atom and the nearest oxygen atom of the molecule. Five explicit water molecules in addition to a continuum model were used as solvation effect treatment (Fig. S1 ). 1A , before (A and B) and after (C and D) the hydrogenation process. Panels A and C. Electrostatic potential in Ha/e -on the electron isodensity surface ρ = 10 e -/nm 3 , using the same color map as in Fig. 3 . Panels B and D. Mulliken partial charges in e -. Figure 6 . Total energies, referred to their respective references (adsorbent energy plus that corresponding to the adsorbate complex in the bulk), for an oxygen molecule located on top of the carbon atom c, for the configurations displayed in Figs. 1B-C, estimated at different constrained distances between the carbon atom and the nearest oxygen atom of the molecule. Five explicit water molecules in a ddition to a continuum model were used as solvation effect treatment (Fig. S1 ).The curve corresponding to the chemisorption introduced in Fig. 3 is also included for comparison. . Total energies, referred to their respective references (adsorbent energy plus that corresponding to the adsorbate complex in the bulk), for an oxygen molecule located on top of the carbon atom a, for the different configurations displayed in Fig. 8 , estimated at different constrained distances between the carbon atom and the nearest oxygen atom of the molecule. Five explicit water molecules in addition to a continuum model were used as solvation effect treatment (Fig. S1 ). 
